In this work, we report the magnetocaloric effect (MCE) in a quantum dot corresponding We propose a way to detect AB-flux by measuring temperature differences. 
Introduction 9
From a fundamental point of view, the magnetocaloric effect (MCE) consists of the temperature variation of a material due to the change of a magnetic field to which it is subjected [1] [2] [3] [4] [5] [6] [7] . Nowadays 11 the research of the MCE effect reawakens a strong interest in the scientific community again . materials (specially in graphene) with a strong potential application in magnetic sensors.
23
In physical terms, the MCE is closely linked to the behaviour of the total entropy (S) since there 24 is a connection between the temperature changes that a system experiences together with entropy 25 variations. In this context, in a recent work [38] , the study of the degeneracy role in the Landau problem 26 shows a very interesting behaviour for the magnetic field along an isoentropic stroke compared with 27 the calculation in his absence. The low-temperature response of the entropy in the Landau problem, 28 only proportional to the amplitude of the external magnetic field, lead to a work where MCE for this 29 problem was being reported including the case for an electron (with an intrinsic spin) trapped in a 30 quantum dot. Besides, nowadays it is physically possible to confine electrons in two dimensions (2D).
31
For instance, quantum confinement can be achieved in semiconductor heterojunctions, such as GaAs 32 and AlGaAs. At room temperature, the bandgap of GaAs is 1.43 eV while it is 1.79 eV for AlxGa1-x As 33 (x = 0.3). Thus, the electrons in GaAs are confined in a 1-D potential well of length L in the z-direction. 34 Therefore, electrons are trapped in 2D space, where a magnetic field along z-axis can be applied [39] . 
Model

45
Let us consider an system given by an electron in the presence of an antidot with an 46 Aharonov-Bohm flux (Φ AB ) and an external magnetic field B, described by the Bogachek and Landman 47 model. The Hamiltonian which describes the system is given by
where m * is the effective electron mass, A is the total vector potential, and the term U AD (r) given by
corresponds to a repulsive potential describing the effect of the antidot on the electron. The constant ζ is related to the chemical potential µ and the effective radius of the antidot r 0 given by the relation
The total vector potential involves two terms, A = A 1 + A 2 , where A 1 is related to the external 50 magnetic field B = ∇ × A 1 , and A 2 describes the additional magnetic flux Φ AB inside the antidot. For the case of an external perpendicular magnetic field along the z direction, B =ẑB, leads to energy 52 levels for the confined electron
where, ω c = eB m * is the cyclotron frequency, n, m are the radial and magnetic quantum numbers and 
that modifies the energy levels in Eq. (4) as follows
where ω 0 is the parabolic trap frequency, and
. When α = 0 and a = 0, Eq. (6) 64 is reduced to the well-know expression for the Fock-Darwin levels given by
Since a = 0 implies ζ = 0, we have that the antidot repulsive potential of Eq.(2) vanishes and the 66 system then corresponds to a quantum dot.
67
From here, we can calculate the partition Z ad function, using the general solution of Eq. (6), and 68 summing over n (n=0,1,2, ...) and m=0,±1, ±2, ... 
In particular, when α = 0 and a = 0, the partition function have an analytical solution given by
where the "effective frequency" Ω is defined in the form
and ω + and ω − is given by the expression: [40] for the case of an electron in a dot with an intrinsic spin. We observe here similar behaviour at low temperatures for the thermodynamics observables displayed. Therefore for the thermal observables, the inclusion of AB-flux in an antidot shows similar behaviour as a function of temperature as compared to the case of an electron trapped in a quantum dot with intrinsic spin.
The complete solution of the MCE for non-interactive quantum dots has been reported for 72 the authors previously, using the analytical thermodynamics from the canonical partition function.
73
Unfortunately, the structure of the energy levels of Eq. In particular, we work in a range of temperature from 0 K to 100 K that allows us to consider 77 the quantum number m = −300 to m = 300 for the energy levels of an anti-dot structure. This 
Magnetocaloric Observables
89
To understand the expressions that we use to describe the MCE, we can think in a general 90 non-deformable system under the action of an external magnetic field of intensity B at a temperature
91
T, which magnetothermic properties can be extracted using the free energy of Gibbs G. Hence, we can 92 define the specific heat at a constant magnetic field as the second partial derivative of G with respect
Having knowledge of how the heat is transferred between the material and its environment, is essential 
99
We emphasize that we work here with an entropy S as function of state that depends only of two thermodynamical variables, thus we have S ≡ S(T, B). This allows us to write the total differential expression for the entropy,
From Eq. (14) we can now derivate the magnetocaloric expressions which arise from considering two 100 thermodinamical paths, i.e., an adiabatic and an isothermal ones. Correspondingly, for the adiabatic 101 paths, we can make the Eq. (14) equal to zero. Using then the relation given by , we can obtain the adiabatic change in the temperature
104
∆T for the system respect to the variations of the external magnetic field, such expression is given by
For the isothermal path, we can obtain from the Eq. (14) that the change of entropy between two 106 magnetic fields is given by
Moreover, we can obtain the change in the entropy for a trajectory with a constant magnetic field (i. e. isomagnetic strokes) from Eq. (14)
For the case of an electron in antidot, we treat two instances, the case with an without AharonovBohm flux (AB-flux). We report that the AB-flux fulfills the same role as the spin term (Zeeman effect) in the MCE reported for quantum dots, that is, the system experiences an MCE of the oscillatory type in the direct-inverse form. It is important to recall that in our thermodynamic analysis, all the thermal quantities are derived from the partition function Z. In the generic form:
where
and finally
Before presenting our results, it is essential to clarify that we are using a semi-classical approach 109 to explore the magnetocaloric effect, that is, our adiabatic path corresponds to a process identified in 110 terms of the entropy conservation due to the thermal isolation of the system with the thermal bath Therefore, a direct magnetocaloric effect can be obtained in that region. For higher temperatures 137 than those mentioned before, we always found a −∆S negative and a MCE inverse is recovered. We
138
recall that a parameter is associated with r 0 which can be modified due to experimental set-up. So, 
The influence of AB-flux in the MCE for antidots
154
In this subsection, we treat the case of AB-flux influence in the MCE effect for antidot with 
where r s correspond to the radius of the solenoid, H the value of the magnetic field generated by 162 the current inside the same, and A = πr 2 s is the solenoid section area, whose normal vector is parallel 163 to the magnetic field H. We recall that the field H only exists for 0 < r ≤ r s and is zero outside of the 164 solenoid (i. e. for r > r c ). Thus, for given α, the intensity of the magnetic field inside the solenoid has 165 the form of H = αΦ 0 /πr 2 s . Recent advances in technology allow fabricating nano-solenoids with a 166 radius of r s = 35 nm, made by graphene [55] . This result reinforces the idea to explore a small radius 167 for the antidot structure (a < 1). Using the value α = 0.5, selected for discussions, the value of H is of 168 the order of 0.27 T. an oscillatory direct-inverse magnetocaloric effect but also the inverse response is shifted to higher 176 temperatures, giving the system a wider range of working temperatures.
177
The comparison between the ∆T can be appreciated in Fig. (8) . In the panel (a) we plot ∆T for for the small radius of the antidot, as we expected due to the structure that we obtain for −∆S in the The inset in each figure shows ∆T in a larger range of temperature, up to T = 50 K. In general we observe an enhancement of the positive peak in the MCE for the system with higher frequency. Also, the differences in the MCE for the cases with positive and negative AB fluxes can be noticed in the system with higher frequency. Therefore there is a clear way to distinguish an AB flux by measuring the MCE.
In the two previous subsections, it was shown that the antidot radius and the AB-flux could be 212 used to control, in the low-temperature range, an oscillation in the MCE of direct-inverse type. Also,
213
we observe that an increase of the parameter α does not produce necessarily an increase in the positive 214 peak in the MCE. In the case of the modification of the a parameter ( antidot radius ), the ∆T does not 
The partition function can easy calculated in the form 
